ABSTRACT: An ensemble-based approach is presented to explore the conformational space sampled by a multidomain protein showing moderate interdomain dynamics in terms of translational and rotational motions. The strategy was applied on a complex of calmodulin (CaM) with the IQ-recognition motif from the voltage-gated calcium channel Ca v 1.2 (IQ), which adopts three different interdomain orientations in the crystal. The N60D mutant of calmodulin was used to collect pseudocontact shifts and paramagnetically induced residual dipolar couplings for six different lanthanide ions. Then, starting from the crystal structure, pools of conformations were generated by free MD. We found the three crystal conformations in solution, but four additional MD-derived conformations had to be included into the ensemble to fulfill all the paramagnetic data and cross-validate optimally against unused paramagnetic data. Alternative approaches led to similar ensembles. Our "ensemble" approach is a simple and efficient tool to probe and describe the interdomain dynamics and represents a general method that can be used to provide a proper ensemble description of multidomain proteins.
■ INTRODUCTION
Interdomain motions within multidomain proteins play a crucial role in many biological processes such as catalysis, channel activation, and molecular recognition. 1−5 This motion affects both the orientation of the domains with respect to each other as well as the conformation of each of the domains and can be described by ensembles. Population shifts of the ensemble members are observed when the proteins interact with their targets. The functional importance of interdomain dynamics has led to a growing interest in the development of methods to characterize this type of motion.
The complete description of protein dynamics requires the full characterization of the ensemble of conformations adopted by the protein, with all the rates of interconversion between them determined. Several experimental methods are currently being employed to derive ensembles of multidomain proteins. X-ray crystallography reports conformational plasticity of multidomain proteins if the protein adopts different structures in the unit cell or in different crystal forms. 6 Nevertheless, crystal packing may distort the conformational ensemble from the ensemble observed in solution. 7−9 Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for studying molecular motions 10−19 of proteins in solution. Domain dynamics has an effect on the diffusion tensor of the protein which can be used to characterize the domain motion. 13,14,20−24 However, such approaches suffer from the necessity to model the effect of the domain motion on the diffusion tensor, which is model-dependent. Residual dipolar couplings (RDCs) have been successfully used for the description of dynamics within protein domains. Nevertheless, domain dynamics alters the alignment tensors, and it is complicated to disentangle the domain motion from the alignment tensor modulation. This requires accurate modeling as has been recently pointed out again. 25 Using residual dipolar couplings from alignment media has recently been shown to deliver biased results on the example of the small biomolecules lactose and chitobiose. In these examples, RDCs derived from measurements in alignment media 26 did not reproduce the ensembles derived from paramagnetic alignment 27, 28 which most reliably detects domain motion as described below. On the other hand, if the alignment tensor generated by alignment media can be calculated, conformational ensembles can be determined by so-called multiple alignment tensor fits as has been demonstrated recently on the example of a flexible small molecule. 29 Qualitatively completely different information without these shortcomings is provided by anisotropic NMR parameters that are induced by self-alignment of paramagnetic or at least magnetically anisotropic biomolecules. Such self-alignment can be achieved by binding of paramagnetic metal ions, mostly lanthanides, to natural binding sites of the biomolecule 30 or to small molecule chemical metal chelating tags attached to the biomolecule. 31−51 The paramagnetically induced alignment of the domain with the lanthanide (tagged) is then different from the alignment induced in the domains (nontagged) of the protein unless the tagged and nontagged domains do not move with respect to each other. 30 The alignment tensors of the tagged and nontagged domains can be determined from the measurement of the RDCs in the respective domains. In addition to RDCs, the pseudocontact shifts (PCSs) 30 are modulated by the domain reorientation (also measured by the RDCs) and also by the domain translation. The combined use of RDCs and PCSs obtained with paramagnetic ions of different alignment strengths provides a unique way to describe complex mixtures of translational and rotational interdomain motions. 52−55 So far, it has been difficult to extract concrete ensembles of multidomain proteins from paramagnetic data, partially because the systems chosen were very dynamic, such as calmodulin (CaM). In these cases, concepts of maximum occurrence were developed. 52,53,56−58 For conformationally more restricted cases such as the TAR-RNA ensemble, approaches have been employed that produced ensembles which closely matched a set of crystal structures of the same RNA with target molecules. 55 Here, we investigate the calmodulin complex with the IQ-recognition motif from the voltage-gated calcium channel Ca v 1.2 (IQ), which adopts three conformations in the crystal. 59 Using paramagnetic data from six different lanthanides generated with the previously developed CaMN60D mutant, 60 we studied the conformational space of this complex in solution using an ensemble-based approach. Our results confirm the existence of the three crystal conformations in solution and also show that four additional conformations have to be included into the ensemble to fulfill all the paramagnetic data and cross-validate optimally against unused paramagnetic data. This is in contrast with a previous publication on similar CaM/target complexes, in which crystal structures were refined using paramagnetic data, using single models to describe all the data. 61 The protocol developed here for the description of interdomain dynamics is of general nature for ensemble description of multidomain proteins.
■ MATERIALS AND METHODS
Protein Expression and Purification.
15 N, 13 C-labeled CaMN60D was expressed and purified following a published protocol. 62 The coding sequence for the IQ peptide was cloned into a modified pET28a vector (Novagen) coding for an N-terminal Z tag fusion protein. 63 The fusion protein was expressed in rich medium at 22°C. After cell lysis, the protein was bound to Ni-NTA resin (Qiagen). Subsequently, the resin-bound fusion protein was incubated with excess 15 N, 13 C-labeled CaMN60D. The complex of the IQ peptide with 15 N, 13 C-labeled CaMN60D was released from the resin by cleavage with tobacco etch virus (TEV) protease. The released complex was further purified by anion exchange chromatography on a Sepharose Q HP column (GE Healthcare) in the presence of 1 mM CaCl 2 to obtain highly purified 15 13 C Ca 4 CaMN60D/IQ samples were titrated with 10 mM solutions of analytical grade LnCl 3 (Ln = Tb, Dy, Ho, Er, Tm, Yb) (Sigma Aldrich). The titrations were performed by following the 1 H, 15 N HSQC spectra. NMR Spectroscopy. The NMR experiments were carried out on a 700 MHz AVANCE-III Bruker spectrometer equipped with a triple resonance probe and on a 900 MHz spectrometer with a triple resonance 5 mm cryoprobe with a z-axis pulse field gradient. All spectra were acquired at 303 K. To obtain sequence-specific backbone resonance assignments, HNCA 64−66 and CBCA(CO)HN 67 spectra were recorded at 700 MHz. The assignment of the lanthanide-loaded samples was confirmed by inspection of the 1 H, 15 N HSQC and HNCA spectra of paramagnetic and diamagnetic samples. The recycle delays were in the range of 0.7 s (paramagnetic) and 1.5 s (diamagnetic).
Lanthanum was used as diamagnetic reference as it has an ionic radius similar to those of the paramagnetic lanthanides. PCSs were measured as the difference between the chemical shift of corresponding nuclei in the paramagnetic and diamagnetic samples. Residual dipolar couplings 1 D HN were measured at 900 MHz as the 15 N-doublet splitting of the paramagnetic sample minus that of the diamagnetic sample using the IPAP pulse sequence. 68 In all experiments, the concentration of 15 N, 13 C-labeled CaMN60D was about 0.5 mM with a slight excess of unlabeled IQ peptide.
All NMR spectra were processed with the software NMRpipe. 69 The programs SPARKY 70 and CARA 71 were used for analysis of the 2D and 3D spectra, respectively.
Protein Coordinates and Reference System. The current study was performed using the coordinates from the three X-ray structures of the CaM/IQ complex referred to as models A, B, and C (PDB code 2BE6) and models generated by molecular dynamics (MD) simulations at 300 K applying the amber99sb force field. 72 The simulations were carried out in GROMACS, 73 using the standard parameters delivered by the authors of the software. In total, two MD simulations of 120 ns were performed, starting from either model A or C, and the coordinates were recorded every 5 ps for a total of 48 000 MD models (24 000 from each simulation). All structural models were aligned on the model A from the X-ray structure. In evaluations regarding the N-terminal domain and the interdomain dynamics, the models were aligned on the backbone of the N-terminal domain (i.e., residues 5−74). For evaluations of the C-terminal domain data, the structures were aligned with respect to the backbone of residues 82− 146. The CaM backbone coordinates of the best set of MD models are provided in the Supporting Information. The structures were visualized and evaluated by using the programs PyMOL, 74 PROCHECK-NMR, 75 and MolProbity. r i is either the distance to the paramagnetic center (for PCSs) or the length of the N− N H bond (for RDCs), and the (x,y,z) coordinates also refer to these vectors. For all evaluations with structural ensembles, we first evaluated the nonlinear coordinate-dependent terms (i.e., the terms describing the vector orientation and the r 3 terms in the case of PCS) for all conformers, and then we averaged them and performed the least-squares fits of the tensors. In the PCSs' evaluation, the metal position was taken from the PDB coordinates of the X-ray structure in the case of the N-terminal domain, that is, the position of the second calcium ion. A grid search around this metal position was also conducted to investigate whether this position was optimal. For the C-terminal domain, the metal position was determined from PCS values using a grid search algorithm until the metal coordinates that provided the smallest Q factor were found. The simultaneous evaluation of PCS and RDC was performed similar to the PCS evaluation, with the additional incorporation of the RDCs in the fit. In this case, in order to avoid overestimation of any of the two parameters, the values of both data sets were scaled with the largest PCS and RDC values, respectively. Additionally, we minimized a composite Q factor that is a combination of the PCS and RDC Q factors, using the following equation:
where N is the number of respective parameters used to determine the Q factors. Q factors were calculated as proposed by Cornilescu et al. 77 For the estimation of errors in Q factors, tensors, and metal positions, we used a boot-strapping method, where 100 data sets composed of 80% of the experimental data points were randomly generated and then subsequently evaluated. Evaluation of Interdomain Dynamics. In order to assess the interdomain dynamics, we used a model-based approach, which relies on the crystal structure and the addition of conformations selected from free molecular dynamics runs. The optimal ensemble of conformations was found in the following way: (a) evaluation of the tensor from the N-terminal domain ensemble using RDCs and PCSs; (b) prediction of RDCs and PCSs for the different models and subsequent averaging of these parameters for the ensemble at equal populations; (c) selection of the ensemble providing the lowest Cterminal Q factor (eq 2); (d) optimization of the populations that minimize the Q factor (optional). Details of the protocol for the incorporation of MD models in the evaluation are provided in the Supporting Information.
Validation of CaM/DRP-1 and CaM/DAPk Complexes. For the tensor evaluation performed on these systems, we used the protein coordinates from the PDB files 2K0J (CaM/DRP-1) and 2K61 (CaM/ DAPk), and the corresponding published PCS and RDC data. 61 In the same manner as we did with the CaM/IQ complex, we evaluated the N-terminal domain using the residues 5−74 and the C-terminal domain using the residues 82−146. The RDCs from mobile residues, listed in the Supporting Information of the original publication, 61 were also discarded in our evaluation.
■ RESULTS AND DISCUSSION
Collection of the Paramagnetic-Based Restraints. Paramagnetic data were obtained using the CaMN60D mutant, in which the second calcium binding site of the N-terminal domain binds selectively a lanthanide ion. 60 The N60D mutation and the lanthanide substitution do not lead to any significant structural changes in the region flanking the metal coordination site. Additionally, the diamagnetic reference spectra were m e a s u r e d u s i n g a l a n t h a n u m -l o a d e d ( C a L a ) N (Ca 2 ) C CaMN60D/IQ complex. A complete assignment of the observable NH backbone amide resonances has been obtained using standard triple resonance experiments (see the Materials and Methods section) for all the lanthanide derivate samples. The resonances of the residues within the shell around the paramagnetic center, whose radius depends on the nuclear relaxing capability of the metal ion, on the electron relaxation time, and on the rotational correlation time of the molecule, were broadened beyond detection due to paramagnetic relaxation enhancement (PRE). So far, for terbium (the lanthanide with the largest Curie spin), a total of 59 measurable RDCs (102 PCSs) were collected, while for ytterbium (the paramagnetic lanthanide used with the smallest Curie spin), 74 RDCs (119 PCSs) were measured. Moreover, the RDCs of the residues that showed fast motions in the picosecond− nanosecond time scale with order parameters below 0.8, as reported for other CaM/peptide complexes (CaM-KKalpha (BMRB 15183), CaM/K1p (BMRB 15184), CaM/eNOSp (BMRB 15185), CaM/smMLCKp (BMRB 15186), CaM/ PDEs (BMRB 15187), and CaM/nNOSp (BMRB 15191)), 79 were not used as constraints in the evaluation. The following analysis has been performed using a substantial number of PCSs and RDCs for all lanthanide data sets (Tables SI1, SI2 , and SI3).
Individual Fitting of the Data to the N-Terminal and C-Terminal Domains Indicates Motions within Each of the Domains. In order to check the quality of the experimental data, we fitted the RDCs and PCSs to each of the three X-ray models A, B, and C. To remove any influence from the interdomain arrangement in the analysis, the fits were performed using each CaM domain separately for each of the metals. The PCSs provided excellent fits for both CaM domains ( Figure SI1 ) as reflected by Q factor values in the range of 0.03−0.11 for the N-terminal domain and 0.09−0.17 for the Cterminal domain. Also, the RDCs showed good quality fits, with Q factors ranging from 0.13 to 0.31 and 0.18 to 0.32 for the Nand C-terminal domains, respectively. In the case of the Nterminal domain, the one that carries the lanthanides, the magnetic susceptibility tensors calculated for either PCS or RDC data sets are very similar (Table SI4 ), indicating that the metal is rigidly bound to the protein and the tensor does not wobble. If the tensor wobbled, the RDC-derived tensor would be smaller than the PCS-derived tensor due to the higher sensitivity of RDCs to local motions 80 compared to PCSs. Consequently, we could fit the PCS and RDC data together using a single tensor (i.e., PCS+RDC fit), which does not increase the Q factors for either data set (Tables SI4 and SI5) considerably. Additionally, we also performed this evaluation optimizing the lanthanide position, in order to take into account any possible difference in the geometry of the coordination sphere between (Ca 2 ) N (Ca 2 ) C CaM and (CaLn) N (Ca 2 ) C CaMN60D. For all metals and models, the optimized lanthanide positions differ up to 1.1 Å from the calcium position in the X-ray structures (Table SI6 ). However, both the tensors and the Q factors showed only nonsignificant variations, smaller than the errors from these magnitudes (Table SI7 ). Since in our approach the description of the interdomain dynamics will be based on the optimization of the Q factor, the lanthanide position was not further optimized during our analysis. As expected, for a protein with the paramagnetic metal in the N-terminal domain and with anisotropic interdomain flexibility, the axial component, χ ax , for the C-terminal tensors is between 2 and 20% smaller than for the N-terminal tensors, and their relative orientations also deviate by up to 48, 12, and 21°for the Euler angles α, β, and γ, respectively. Indeed, for anisotropic domain motion, it is expected that the angles and the changes of χ ax of the N-and Cterminal domains differ between paramagnetic ions. The reduction of the tensor size and the rotation of the relative orientations puts into evidence that none of the three X-ray models alone provides a correct description of the interdomain arrangement. Thus, if we compare the CaM/IQ complex to free CaM 52 in which the relative tensors were scaled by approximately a factor of 0.12, our data indicate that the CaM/IQ complex is much more rigid, but still with detectable interdomain motion, as already hinted by the presence of two different interdomain arrangements in the X-ray structure. In agreement with the dynamics shown in the crystal structure, the RDC and the PCS+RDC fits generally improved for the N-and C-terminal domains individually by using the three models A, B, and C together at equal populations and with a single alignment tensor (Figure 2 ). This finding indicates that the three X-ray models together are a better representation of the internal motions of each of the CaM domains than the individual models. The Q values obtained were used in the following as the target values to be reached for the fitting of the ensemble of the complex.
Single Model Fails To Fully Describe the Paramagnetic Data. A previous study with paramagnetic data was performed on two similar CaM complexes (i.e., the CaM/ DAPk (death-associated protein kinase) and CaM/DRP-1 (DAPk-related protein 1)). 61 In both systems, CaM is wrapped around central helices from the binding partners. The authors performed a refinement using PCSs and RDCs starting from crystal structures, which lead to structural changes both in the N-terminal domain of CaM and in the interdomain arrangement. Apparently, interdomain motions were absent since all data could be fitted to a single model. In order to explore whether a single interdomain arrangement would explain our data, we performed a rigid body fit of the C-terminal coordinates by applying a translation and a rotation to it, in order to minimize the Q factor. We performed this analysis to the models A, B, and C of our CaM/IQ complex using the combination of the data sets from Dy, Tm, Tb, and Er, and for all models, we obtained a significant improvement of the overall Q factor to values between 0.171 and 0.186 ( Figure SI2 ). However, these values are still far from the target values defined in the previous paragraph from the fits of the individual domains, and the minimized C-terminal coordinates clash with the N-terminal CaM domain. Therefore, our analysis clearly indicates that multiple interdomain arrangements are present in the CaM/IQ complex.
X-ray Models Represent the Interdomain Dynamics to a Limited Extent. In order to study the interdomain motions, a description of the C-terminal data using the tensor from the aligned N-terminal domain is required since all PCSs and RDCs arise from the metals bound to the N-terminal domain. As N-terminal tensors, we used those from the PCS+RDC fits for the three X-ray models as previously described. Furthermore, as mentioned above, in order to define a target value for the Q factors of anisotropic parameters of the Cterminal domain in the complex, we chose those obtained from individual PCS+RDC fits for the C-terminal domain. At first, we evaluated the predicted C-terminal PCSs and RDCs for the three X-ray models. An example of this analysis is shown for the PCSs from Tm and Tb ( Figure 3A,B) . For these metals, the model C provides larger PCSs than the models A and B, which may be the consequence of a more compact structure in model C, with the C-terminal atoms generally closer to the lanthanide. Furthermore, the experimental PCSs lie within the frames defined by the models A and C, resulting in a lower Q factor if the models A, B, and C are combined with equal populations ( Figure 3C ). This situation was found for most of the metals, indicating that the three X-ray models better describe the conformational space than any of them separately. However, for Tb, a different situation was found. Here, the experimental PCSs were not within the range of the predicted PCS of the three models, suggesting that additional models were required. In addition, the quality of the fits to the data from all metals did not reach the target values. Next, we explored whether the Q values could be improved by variation of the populations of the models A, B, and C. The result ( Figure 3C ) indicated that the optimization of the populations did not provide a significant improvement of the Q factors, except in the case of the Tb data, due to the already discussed prevalence of the model C in the PCSs data for this metal. Furthermore, the optimized populations were different for all metals, such that a single solution could not be found within the conformational space described by the three X-ray models, which could explain properly all the experimental data. This finding evidenced that in this complex CaM samples a larger conformational space and more models were required to depict its interdomain motions.
Incorporation of Additional Models Improves the Quality of the Fit. In order to add more conformations, we Figure 3 . Evaluation of interdomain dynamics using the models A, B, and C observed in the crystal of CaM/IQ. Profiles of back-calculated Cterminal PCSs for the three X-ray models for Tm (A) and Tb (B). The experimental PCS values are shown in black, and the values for the ensemble of the three models at equal population in green. (C) Combined Q factor for PCSs and RDCs from individual X-ray models (left), the ensemble of the three models at equal populations (center), and the ensemble with optimized populations (right) for each of the six lanthanides used in this study. first evaluated the incorporation of CaM coordinates from other CaM/peptide complexes in the ensemble, by verifying their impact on the Q factors. This approach was applied with the combination of the data sets from Dy, Tm, Tb, and Er. From a pool of 37 PDB structures (Table SI8) , three provide significant reductions of the Q factor from 0.186 ± 0.006 (three X-ray models at equal populations) to values in the range of 0.164−0.165 (four X-ray models at equal population). Interestingly, all three structures belong to other CaM complexes with IQ motives from calcium channels (pdb codes: 2F3Y, 81 2VAY, 82 and 2F3Z 81 ). The incorporation of a further PDB structure from this pool, also from a complex with an IQ motive (pdb code: 3BXL), 83 lowered the Q factors to values between 0.157 and 0.159, but no further improvements were obtained with larger ensembles, and the target values were still not reached.
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We also investigated the incorporation of one single MD model in the ensemble starting again from models A, B, and C and using the same metal data sets. The best MD model found using these data led to a significant reduction of the Q factor from 0.186 ± 0.006 (three X-ray models at equal populations) to 0.151 ± 0.005 (three X-ray + best MD models at equal populations) (Figure 4 ) but still did not reach the target value for the Q factor. Further improvement was achieved by adding additional MD models picked from the MD simulation to the ensemble as described in Materials and Methods as well as in the Supporting Information. The target value was reached within the error range when three or more MD-derived conformations were added to three X-ray structures. Similar results were obtained with ensembles made exclusively with MD models (Figure SI3 ), where the target value was reached also for ensembles consisting of six to eight MD models.
All ensembles containing MD models lead to multiple solutions that are very similar and provide similar Q factors. They contain common models, as shown for the ensembles of seven structures in Tables SI10 and SI11 .
Principal Component Analysis (PCA) of Interdomain Motions. In order to quantify the interdomain motions, we performed a principal component analysis of MD trajectories. The four largest eigenvectors ( Figure SI4 ) describe more than 90% of the interdomain motions, and all combine translational and rotational motions in different directions. Not surprisingly, the projection of the pool of 37 PDB structures of CaM complexes with different peptides along these four eigenvectors shows that they cover interdomain arrangements that are not accessible to the CaM/IQ complex ( Figure SI5) .
However, the four PDB structures that improved the fit when incorporated to ensembles together with models A, B, and C share common features. First and most importantly, they are covered by the MD trajectory, while those X-ray structures that lie outside the MD trajectory do not improve the fit. This is also important since it justifies the choice of the principal components based on the MD trajectory. In addition, the projections of these X-ray structures on eigenvectors 1 and 2 are closer to model C than to models A and B. More importantly, three of them (i.e., 2F3Y, 2VAY, and 2F3Z) adopt more positive values along eigenvector 3, which were not assumed by model A, B, or C. Similar results were obtained for the best ensembles based on X-ray structures plus MD models ( Figure SI6 ) as well as MD models alone ( Figure SI7) . They all show some extra motions along eigenvectors 1 and 2 relative to models A, B, and C, especially the presence of some conformers that lie beyond the values from model C. Again, they all display the same enhanced amplitude of motions along eigenvector 3 that was found in the PDB structures that provided the best solution as discussed in the paragraph before ( Figure SI8 ). Thus, this motion that was almost missing in the models A, B, and C, but was discovered in the MD simulation and also observed in the crystal structures from other CaM/IQ complexes, seems to be present in solution for our CaM/IQ complex.
As already mentioned, our approach produced multiple solutions with similar Q factors. We compared the best five solutions obtained for the sets of three X-ray plus four MD models and the corresponding sets of seven MD models ( Figure SI9 ). The results show that they all provide a similar range of interdomain motions.
Validation of the Ensembles Describing Interdomain Motions. In order to validate these ensembles, we first evaluated the Q factors for the different metals ( Figure 5A) . Interestingly, the ensemble including one MD model improved significantly the Q factor not only for the data sets from the four metal used in the selection of this MD model but also for the data from Yb and Ho which were not used in the model selection but for cross-validation. In order to check whether the Yb and Ho tensors are linearly independent from the tensors generated by the four metals Dy, Tm, Tb, and Er used in the Figure 4 . Impact of the incorporation of MD-derived conformations into the ensembles. (A) Dependence of the combined Q factor for PCSs and RDCs for the four metals Dy−Tm−Tb−Er on the ensembles (horizontal axis). The worst fit is reached with the three Xray models (left), the best ensembles including up to five MD models, all at equal populations. The ensembles with three, four, and five MD conformations reach the target value within error. Cross-validation then indicates that the ensemble with three X-ray and four MDderived conformations performs best. (B,C) Superposition of the ensemble with the four MD models onto the three X-ray structures in two views rotated by 180°around the z-axis. analysis, we calculated the scaled condition numbers of the following sets of five tensors, (Dy, Tm, Tb, Er, Yb) and (Dy, Tm, Tb, Er, Ho). 84 The scaled condition numbers are calculated from the Saupe matrices for the different metals represented as five-dimensional vectors, that is, (Szz, Sxx-Syy, Sxy, Sxz, Syz). These five elements completely describe the tensor. To calculate the scaled condition number, we first divide each Saupe vector by its norm, and then calculate the singular values for the 5 × 5 matrices created from the sets of five vectors. The scaled condition number is the ratio between the largest and smallest singular value. It provides a quantitative measure of how orthogonal the five Saupe vectors (i.e., tensors) are being 1 in the case of five orthogonal vectors and infinite if the vectors are linearly dependent.
These scaled condition numbers were found to be 37 and 96 for Ho and Yb, respectively. While a value of 96 indicates that the holmium-derived tensor is only weakly linearly independent from the others, the condition number of 37 indicates that Yb is even better for cross-validation. The Q factors for the different metals continued decreasing with the incorporation of up to four MD models, the data sets from Dy and Er reaching the lowest Q factors already after addition of two MD models. The addition of the fifth MD model raised the Q factor for Ho and Yb, indicating that at this point we were overfitting our data ( Figure 5A ). 85 The similarity of N-and C-terminal tensors for the different ensembles is also important in their validation since a correct ensemble is expected to deliver the same tensor for both domains of the protein. In order to quantify this similarity of the tensors derived from the N-and C-terminal domains, we compared the Saupe matrices. For each metal, we evaluated two parameters, the normalized dot product of the previously described N-and C-terminal Saupe matrices which is 1 if two tensors share the same orientation and shape, and then the ratio between the axial components, which is also 1 if the tensors have the same size. These parameters are calculated using the following equations: 
We compared them (Table SI8) for different stages of our evaluation (
Figure 5B,C): one single orientation from model A, the three X-ray models at equal populations, and the ensembles with one to five MD models added to the X-ray structures, also at equal populations. For all metals, the normalized dot product is significantly different from the ideal value of 1 for the orientation given by model A ( Figure 5C ), which is due to the already discussed different orientation of the N-and C-terminal tensors for this model (Table SI4) . For the ensemble with three X-ray models, this parameter is much closer to the ideal value for all metals. The addition of MD models leads to further improvement, and the best result was reached for the set containing the three X-ray models and four MD models, where for all metals the ideal value of 1 is reached or nearly reached. On the other hand, the incorporation of the fifth MD model leads to a deviation from the ideal value for Yb and Ho, which indicates overfitting of our data. A similar behavior was observed for the ratio between the axial components ( Figure  5B ). This parameter starts in the range from 1.02 (Tb) to 1.19 (Yb) , which means that the N-terminal tensors are between 2 and 20% larger than the C-terminal ones. The incorporation of all X-ray models and then of MD models also made this parameter approach the ideal value for most of the data sets, also reaching the best results for the ensemble built from the three X-ray models combined with the four MD models.
Another fitting parameter when dealing with PCS data is the metal position. Thus, it is expected that a good model for interdomain motions is able to predict the actual metal position from the nontagged domain, that is, the C-terminal domain in this study. Therefore, we compared the lanthanide positions fitted from the C-terminal domain data with the average of the metal positions in the different ensembles ( Figure 5D ). Compared to the interdomain orientation in model A, which shows deviations in the range of 3.96−5.23 Å, all the ensembles with multiple models succeed in predicting the metal positions with much higher accuracy, with deviations in the range of 0.53−1.36 Å for the ensemble comprising the three X-ray and the four MD models.
We also applied our validation protocol to the refined structures of the CaM/DAPk and CaM/DRP-1 complexes. 61 The main difference to our approach is that all the anisotropic data were described by a single model, thus assuming the absence of interdomain dynamics in these two CaM complexes. 61 The values of the normalized dot product for the CaM/DRP-1 complex ( Figure 5C ) are comparable to our results in the CaM/IQ, while for the CaM/DAPk complex, this parameter deviates from the ideal value for the data sets from Dy and especially from Yb, although the values for Tm and Tb are nearly ideal. On the other hand, the ratio between the axial tensor components derived for the N-and the C-terminal domain lies in the range from 1.15 to 1.27 for both complexes ( Figure 5B ), which is a significant deviation exceeding by far the experimental errors. These structures also failed to predict the actual metal position using the C-terminal data ( Figure  5D ), providing values in the range of 3.68−4.69 Å, which are comparable to those obtained when using only the model A in the fit of the CaM/IQ complex.
Together, this means that although these structures (especially that of the CaM/DRP-1 complex) likely represent the average interdomain arrangement, they do not represent the actual range of interdomain motions. Probably more faithful representations of these complexes in solution would be ensembles fluctuating around the refined structures.
■ CONCLUSIONS
In multidomain proteins, where movements of the single domains relative to each other are of mechanistic relevance, Xray crystallography can be used to define the relative orientation of domains, but the conformation or conformations found in the crystal can be biased by crystal packing forces and therefore might differ from the ensemble in solution. We present here a simple approach that uses an ensemble of structures to evaluate these types of motions accurately using paramagnetic data. In this work, we mainly relied on the use of ensembles created using X-ray, MD models, and a mixture of the two and always found very similar results. Of course, this does not exclude other structural models derived, for example, from simulated annealing or Monte Carlo simulations for this type of evaluation. Even if they may provide further improvement in the analysis, our focus here was to show that ensembles of a limited number of structures reproduce faithfully experimental paramagnetic data. Our results confirm the existence of interdomain motions, as already observed in the crystal structure of the CaM/IQ complex. 59 Moreover, we found that the three conformations observed in this crystal structure 59 are not sufficient to fully explain all the experimental paramagnetic data. Indeed, our results show that at least three and optimally four MD models together with the three crystal structures are required to represent the interdomain dynamics in this system. We also obtained significant improvements by adding X-ray structures from other CaM/IQ complexes solved by crystallography, which suggests the presence of a certain pool of interdomain arrangements in this type of CaM complexes. This allowed us to identify the motions that were missing in the crystal but are present in solution.
The ensembles of structural models derived from the paramagnetic data require around 6 to 8 models for a fit that is similar to the fit of the individual domains and that is optimal in the cross-validation against unused paramagnetic data. However, ensembles of structures that are slightly different from the proposed ones but cover the same range in the hyperspace of PCAs are similarly valid (see Supporting Information).
The combined use of PCSs and RDCs is also an excellent probe to sense the rotational and translational motions that characterize interdomain dynamics. We also introduced a new practical validation scheme for models describing interdomain dynamics, which is based on the comparison of tensors derived from the domains and back-calculated metal positions. This scheme validated our ensembles and proved that the single model solution applied to similar CaM complexes 61 fails to describe accurately the interdomain motions.
Our finding that domain motion in solution exceeds the one in crystals is in good agreement with the results of a recent study, 86 which shows, using contrast matched SAXS/WAXS and RDC data, that both X-ray crystallography and standard NMR techniques fail to provide a proper picture of the interdomain orientation in CaM complexes. In the light of our results and those from Grishaev et al., 86 the question arises whether all CaM complexes with helical peptides share a certain range of interdomain motions, which generally cannot be probed by standard NMR techniques or crystallography but requires approaches like the one here to derive ensembles with atomic resolution.
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